We have studied the magnetic field dependence of far-infrared active magnetic modes in a single ferroelectric domain BiFeO3 crystal at low temperature. The modes soften close to the critical field of 18.8 T along the [001] (pseudocubic) axis, where the cycloidal structure changes to the homogeneous canted antiferromagnetic state and a new strong mode with linear field dependence appears that persists at least up to 31 T. A microscopic model that includes two Dzyaloshinskii-Moriya interactions and easy-axis anisotropy describes closely both the zero-field spectroscopic modes as well as their splitting and evolution in a magnetic field. The good agreement of theory with experiment suggests that the proposed model provides the foundation for future technological applications of this multiferroic material. Due to the coupling between electric and magnetic properties, multiferroic materials are among the most important yet discovered. With a multiferroic material used as a storage medium, information can be written electrically and then read magnetically without Joule heating [1] . Hence, applications of a room-temperature multiferroic would radically transform the magnetic storage industry. Because it is the only known roomtemperature multiferroic, BiFeO 3 continues to attract intense interest.
We have studied the magnetic field dependence of far-infrared active magnetic modes in a single ferroelectric domain BiFeO3 crystal at low temperature. The modes soften close to the critical field of 18.8 T along the [001] (pseudocubic) axis, where the cycloidal structure changes to the homogeneous canted antiferromagnetic state and a new strong mode with linear field dependence appears that persists at least up to 31 T. A microscopic model that includes two Dzyaloshinskii-Moriya interactions and easy-axis anisotropy describes closely both the zero-field spectroscopic modes as well as their splitting and evolution in a magnetic field. The good agreement of theory with experiment suggests that the proposed model provides the foundation for future technological applications of this multiferroic material. Due to the coupling between electric and magnetic properties, multiferroic materials are among the most important yet discovered. With a multiferroic material used as a storage medium, information can be written electrically and then read magnetically without Joule heating [1] . Hence, applications of a room-temperature multiferroic would radically transform the magnetic storage industry. Because it is the only known roomtemperature multiferroic, BiFeO 3 continues to attract intense interest.
Although its ferroelectric transition temperature[2] 
W a v e n u m b e r ( c m -1 )
A b s o r b a n c e ( c m
(color online) Absorbance spectra of spin wave modes in zero field in e [110] polarization (a) and in e [110] polarization (b). Solid curves, αF , were measured after applying the high field B0 ≥ 21 T. Dotted curves are initial absorbance spectra αI of the zero field cooled sample.
T c ≈ 1100 K is much higher than its Néel transition temperature [3] [4] [5] T N ≈ 640 K, the appearance of a longwavelength cycloid [3, [6] [7] [8] with a period of 62 nm enhances the ferroelectric polarization below T N . The induced polarization has been used to switch between magnetic domains with an applied electric field [4, 5, 9] .
Progress in understanding the microscopic interactions in BiFeO 3 has been greatly accelerated by the recent availability of single crystals for both elastic and inelastic neutron-scattering measurements. By fitting the spin wave frequencies above a few meV, recent measurements [10, 11] have determined the antiferromagnetic (AFM) nearest-neighbor and next-nearest neighbor exchanges J 1 ≈ −4.5 meV and J 2 = −0.2 meV. In the presence of strain [12] , non-magnetic impurities [13] , or a magnetic field [14, 15] above B c ≈ 19 T, those exchange interactions produce a G-type antiferromagnet with ferromagnetic alignment of the S = 5/2 Fe 3+ spins within each hexagonal plane, (111) in cubic notation.
Below B c , the magnetic order in BiFeO 3 is created by the much smaller anisotropy and Dzyaloshinskii-Moriya interactions. Neutron scattering is typically used to determine the weak interactions that produce a complex spin state. Because the wavelength a/ √ 2δ of BiFeO 3 is so large, however, inelastic neutron-scattering measurements cannot resolve the cycloid satellite peaks at q = (2π/a)(0.5 ± δ, 0.5, 0.5 ∓ δ), on either side of the AFM wavevector Q 0 = (π/a) (1, 1, 1) , where a ≈ 3.96Å is the pseudocubic lattice constant. Below 5 meV, inelastic measurements at q 0 reveal four broad peaks, each of which can be roughly assigned to one or more of the spin wave branches averaged over the first Brillouin zone [11, 16] . By contrast, THz spectroscopy [17, 18] provides very precise measurements for the optically-active spin wave frequencies at the cycloid wavevector q.
Symmetry allows three possible directions of the cycloidal ordering vector Fig. 1 . The spins of a cycloid q k are in the plane determined by P and q k . The cycloidal order in BiFeO 3 is induced by a weak Dzyaloshinskii-Moriya interaction that couples spins along q k with coupling D ⊥ P and D ⊥ q k [19] . Another Dzyaloshinskii-Moriya like interaction D P [111] couples spins on [111] direction. It is induced by magnetoelectric coupling and cants spins out of the cycloid plane [19] [20] [21] . The ferromagnetic ordering of this canted moment has been verified by a neutron scattering experiment [22] . High resolution neutron scattering shows that the magnetic ground state ordering in BiFeO 3 does not change in zero field on cooling from 300 K to 4 K [6, 23, 24] .
Single ion anisotropy K along the easy axis [111] introduces anharmonicity [19, 25] , but in zero magnetic field the cycloid is only slightly anharmonic [6, 8] . An external magnetic field contributes to the effective single ion anisotropy [26] and induces a metamagnetic transition [19] at the critical field B c ≈ 19 T, where the cycloidal order changes to a collinear AFM spin order [27] . The unwinding of the cycloid reduces the electric polarization [15] and creates a small macroscopic spontaneous magnetization induced by D [111] [15, 19] .
The frequencies of magnetic modes are sensitive to anisotropic magnetic interactions and these interactions are important to understand the microscopic models behind the magnetoelectric coupling in multiferroics. The eigenspectrum of BiFeO 3 cycloids was calculated by de Sousa and Moore [28] , with the addition of single-ion easyaxis anisotropy by Fishman et al. [16, 29] in 0 T and in applied electric field by Rovillain et al. [30] . Spectroscopic techniques that measure the eigenspectrum of magnetic modes are valuable tools, especially if they can be combined with external fields that compete with internal fields. The Raman work demonstrated that the Ramanactive spin wave frequencies depend strongly on applied electric field [30] . Most of the INS [10, 11] , Raman [31, 32] and THz [17, 33] spectroscopy studies on BiFeO 3 were in zero applied field. The high field ESR was done in magnetic fields up to 25 T, but was limited to frequencies lower than the main cycloid modes and one of the AFM modes.
In this Letter, we present THz absorption spectra of a BiFeO 3 single crystal at low temperature and follow the magnetic field dependence of cycloid excitations until the cycloidal order is destroyed in high magnetic field and replaced by a canted AFM order. We show that the proposed microscopic model in addition to describing the frequencies of the cycloid in zero field, also predicts the splitting and evolution of the spin wave modes with magnetic field [16, 29] . Due to mode mixing, all of the spin wave mode become optically active in magnetic field. The close agreement between predictions and measurements suggests that the proposed model can provide the foundation for future work on BiFeO 3 .
In a magnetic field H = Hm along m, the spin state and spin wave excitations of BiFeO 3 are evaluated from the Hamiltonian
Here z || [1, 1, 1], x || q k , and y = z × x , where k = 1, 2, 3 are the indexes of the three cycloids that are symmetry-equivalent in zero field. While the nearest-and next-nearest neighbor exchange interactions J 1 = −4.5 meV and J 2 = −0.2 meV can be obtained from the spin wave dispersion between 5.5 meV and 72 meV [10, 11] the small interactions D = 0.107 meV, D = 0.054 meV, and K = 0.0035 meV that control the cycloid [29] are obtained from the THz spectra below 5.5 meV (44.3 cm −1 ), measured in zero magnetic field. For a given set of interaction parameters and magnetic field, the spin state of BiFeO 3 is obtained by minimizing the energy E = H .
The (001) face single crystal BiFeO 3 sample was grown using a Bi 2 O 3 flux [34] . It has a thickness of 0.37 mm and it contains a single ferroelectric domain, P [111] axis in Fig. 1 , checked by an optical rectification experiment [35] .
The sample was zero field cooled and spectra were measured in Faraday configuration with the magnetic field along the [001] axis. Up to 12 T spectra were measured at 4 K in Tallinn with a SPS-200 Martin-Puplett spectrometer from Sciencetech Inc. and a 0.3 K bolometer [36] using a spectral resolution of 0.2 cm −1 . Spectra from 12 T up to 31 T were measured in Nijmegen High Field Magnet Laboratory at 2 K using a Bruker IFS 113v spectrometer and a 1.6 K silicon bolometer and spectral resolution of 0.43 cm −1 ; the spectra were averaged for 15 minutes at each field. There was a linear polarizer in front of the sample to control the polarization of light.
We measured absorbance spectra in magnetic field with the reference spectrum in zero field. This method gave excellent spectra of magnetic field dependent lines. From the differential absorbance spectra in fields above 21 T (after applying 30 T) we extracted the zero field absorption lines, solid curves in Fig. 2 and fitted them. The fit results were added to the measured differential spectra in magnetic fields. The result, absolute absorbance spectra in fields, is shown in [37] and fitted line positions and areas are shown in Fig. 3 .
A change in the zero field spectra was observed after applying high field at low temperature, Fig. 2 . The zero field spectrum stayed the same after applying high field again or in the opposite direction. The initial zero field line intensities α I , measured on the zero field cooled sample, were recovered after warming the sample to 300 K. This is evidence that different magnetic domains exist. We found that the change in the zero field spectra, as measured after applying magnetic fields at low temperature, occurs already by 12 T and higher fields that destroy the cycloid do not change the zero field lines any more [37] . The calculation shows that for B 0 [001] the q 1 cycloid where the field is mostly perpendicular to the cycloid plane has a lower energy than cycloids q 2 and q 3 [37] . However, some fraction of q 2 and q 3 domains follow the magnetic field without hysteresis below 5 T as discussed below. This suggests that crystal imperfections acts as a barrier to maintain the dominant q 1 domain after the field has been removed. Clearly there is a thermally activated hysteresis, but in this study we concentrate on the low temperature spectra, that are measured after the sample had been in high field ≥ 12 T.
Detailed field dependence of mode frequencies and areas is presented in Fig. 3 . The three main modes, Ψ 1 mode is observed. These changes are associated with the change in the magnetic domain structure, where modes of the q 2 and q 3 domains (blue dotted lines) are depopulated and only the modes of the q 1 domain (blue solid lines) remain observable in higher fields. To reflect this behavior we have cut off the predicted mode frequencies of domains q 2 and q 3 above 6 T.
Modes soften before reaching the metamagnetic transition at B c , except Ψ as labeled in zero field, coexists with the AFM resonance. This means that in a narrow field interval the spin structure supports both, cycloidal and AFM modes. The coexistence of two phases is ruled out since the metamagnetic transition in BiFeO 3 is neither the first order phase transition nor similar to a spin flop transition in ordinary antiferromagnets [26] and also we did not observe any hysteresis effects between 18 and 19 T as reported earlier [38] . In THz spectra there is only one resonance line above 18.8 T and we assign this value to the critical field B c of the metamagnetic transition in BiFeO 3 at 2 K and B 0 [001]. However, the THz spectra do not show any anomalies at 10 T seen by optical measurements [39] .
The AFM resonances in BiFeO 3 can also be described by a phenomenological theory [38] and we use it to fit the ESR [38] and THz data in the homogeneous canted antiferromagnetic state, see dashed lines in Fig. 3 . The fit gives the following parameters: gyromagnetic ratio γ = (1.72 ± 0.01) × 10 7 rad(s Oe)
10 erg cm −3 , H DM = (105 ± 2)kOe. K u is the energy density of the uniaxial magnetic anisotropy and χ ⊥ is the susceptibility perpendicular to the AFM vector, the difference of magnetizations of two sublattices of a Gtype antiferromagnet. H DM is the Dzyaloshinskii-Moriya field associated with D .
We get K u = 6.2×10 5 erg cm −3 , using χ ⊥ = 5.8×10
from the high field magnetization measurement [14] . The value we get for the same quantity from our microscopic theory is KS 2 z = 5.6 × 10 5 erg cm −3 , where K = 0.0035 meV and S z = 5/2. The canted moment as estimated from the AFM resonance spectra, χ ⊥ H DM = 0.041µ B /Fe, should be compared to 0.03µ B derived from the extrapolation of the high field magnetization to the zero field [14] . Thus, the parameters derived from the phenomenological model are very close to the values used in the microscopic theory.
Considering the microscopic theory, the agreement between the measured and predicted mode frequencies in Fig.3 is remarkable. In agreement with predictions, Ψ 0 and Φ (1) 1 are slightly lower in domain q 1 than in domains q 2 and q 3 . The predicted splitting of Φ (1,2) 2 is clearly seen in Fig.3 . Also in agreement with predictions, Ψ
(1) 1 is slightly lower in domains q 2 and q 3 than in domain q 1 . The only feature that remains unexplained by our model is the field-independent mode observed at about 16.5 cm −1 , midway between Φ
1 and Ψ 0 which becomes too weak to be detected in the Nijmegen setup and thus cannot be followed until it disappears at B c = 18.8 T. Notice that several modes in Fig.3 only become optically active in magnetic field. Recall that in our microscopic model we use the same interaction parameters that were previously obtained for zero field [29] . Therefore, it is not surprising that the quantitative agreement with measurements, although quite good, is not perfect. In particular, the lower frequency AFM mode in the canted phase is predicted about 4 cm −1 lower than measured by ESR.
To conclude, the close agreement between the predicted and observed spin wave frequencies in magnetic field leaves no doubt about the origin of those modes. This agreement suggests that the present model, with Dzyaloshinskii-Moriya interactions along y and z and easy-axis anisotropy along z , can provide the foundation for future studies on BiFeO 3 and may lay the groundwork for its eventual technological applications. Our work demonstrates that in addition to electric field [5] the control of magnetic domains with magnetic field is possible. Zero field spectra are fits as described in the main text. The inset shows a detailed view in the spectral range of the AFM resonance close to the metamagnetic transition, Bc = 18.8 T. The spectra were measured after the sample had been in high field ≥ 12 T. This figure demonstrates how the application of magnetic field in [001] direction at low T changes the zero field spectrum. The dotted line is the zero field spectrum αi measured after the sample was cooled in zero magnetic field. We measured the zero field spectrum again after applying 12 T at low temperature and observed a change in the spectrum. The red solid line is the difference of two spectra αi − α (12T ) f where α (12T ) f is the zero field spectrum measured after application of 12 T, experiment done in Tallinn. In the Nijmegen experiment we applied a 31 T field, well above the value of the metamagnetic transition at ≈ 19 T, which had a similar effect on the spectrum of BiFeO3, measured in zero field after application of magnetic field. Blue stars show differential absorption αi − α 
